grenous changes in the setting of acute cholecystitis [7, 8] . The purpose of this study was twofold: first, to determine if gallbladder wall striations in patients with sonographic findings suspicious for acute cholecystitis are associated with gangrenous changes and certain histologic features; and, second, to determine if other sonographic or clinical (WBC count) findings are associated with gangrenous cholecystitis.
sonography comprised the study group. There were 14 men and 54 women who ranged in age from 18 to 87 years old (mean, 47 years). Institutional review board approval was obtained for the study.
Sonographic and Clinical Findings
All sonograms were obtained in real time using one of several different scanners (ATL HDI 5000, Philips Healthcare; or Elegra, Sequoia, or Antares, Siemens Healthcare) and a variety of phasedarray or curvilinear transducers. Sonogram reports and images were retrospectively reviewed by one radiologist for gallbladder wall thickness, a Murphy sign, pericholecystic fluid (crescentic and simple or complex [septations, debris]), gallbladder wall irregularity, intraluminal membranes, shortaxis diameter of the gallbladder lumen, and luminal or intramural air. Sonographic images were also independently reviewed by two radiologists for gallbladder wall striations, which were defined as multiple alternating hypoechoic and hyperechoic layers (Figs. 1 and 2). Consensus was achieved for any disagreement between the two radiologists.
Medical records were reviewed for the WBC counts on the days of the sonographic examinations. Pathology reports were reviewed for the recorded diagnoses. Diagnoses fell into one of five categories: gangrenous cholecystitis (transmural necrosis of the gross specimen), acute cholecystitis, acuteon-chronic cholecystitis, chronic cholecystitis, and cholesterolosis. Histologic specimens were retrospectively reviewed for epithelial necrosis, stromal edema, acute inflammation, eosinophils and neutrophils, chronic inflammation, transmural inflammation, fibrosis, and stromal hemorrhage. Reviews were performed independently by two pathologists who established consensus for any disagreement. The pathologists were blinded to the sonographic findings and interpretations.
Statistical Analysis
The three categories of acute, acute-on-chronic, and chronic cholecystitis were collapsed into one category, which we refer to as "acute-chronic." The Fisher exact test was used to test for associations between the diagnostic categories of acute-chronic cholecystitis or necrotizing-gangrenous cholecystitis and the absence or presence of sonographic features. The Fisher exact test was also used to test for associations between the absence or presence of gallbladder wall striations and the absence or presence of histologic features. Normal curves were fitted to continuous data distributions, and the normality of the distributions was tested with the Shapiro-Wilk W test. Depending on if the data were normally or nonnormally distributed, mean or medians and 95% CIs of mean or medians were calculated. Equality of variances was tested with the O'Brien, BrownForsythe, Levene, and Bartlett tests. For normally distributed data with equal variances, differences between diagnostic categories (acute-chronic or necrotizing-gangrenous) were tested with the Student t test. For nonnormally distributed data, the Wilcoxon rank sum test was used. For continuous variables for which differences between binomial categories was shown, binomial logistic regression analysis was used to create probability plots; that is, for a variable in the logistic regression equation, the resulting probability for an outcome was calculated with the following formula:
where -L is the negative of the logit (Pampel 2000). More specifically, the probabilities of gangrenous 
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Results
Of the 68 patients, 10 had gangrenous cholecystitis, 13 had acute cholecystitis, 22 had acute-on-chronic cholecystitis, 22 had chronic cholecystitis, and one had cholesterolosis. The patient with cholesterolosis was not included in the statistical analysis.
Gallbladder Wall Striations, Pathology Diagnoses, and Histologic Features
Wall striations were present in 30 cases including six of 10 (60%) with gangrenous cholecystitis and 24 of 57 (42%) with acute-chronic cholecystitis (Table 1) ; there was no association between the sonographic finding of wall striations and the pathology diagnosis (p = 0.32). There was also no association between any histologic feature and the absence or presence of wall striations (p ≥ 0.19) ( Table 2) .
Other Sonographic and Clinical Findings and Pathology Diagnoses
A sonographic Murphy sign was reported in seven of 10 (70%) cases of gangrenous cholecystitis and 47 of 57 (82%) cases of acutechronic cholecystitis, with there being no association with the pathology diagnosis (p = 0.39). Pericholecystic fluid was reported in two of 10 (20%) cases of gangrenous cholecystitis and 14 of 57 (25%) cases of acute-chronic cholecystitis, with there being no association with pathology diagnosis (p = 1.00). All fluid collections were simple and crescentic in shape; none was complex. No patient had gallbladder wall or intraluminal air.
Gallbladder wall thicknesses were nonnormally distributed for both categories of acutechronic and necrotizing-gangrenous cholecystitis (Shapiro-Wilk W test, p < 0.05), but the variances were equal (O'Brien, BrownForsythe, Levene, and Bartlett tests, p > 0.05). The median wall thickness was greater in patients with gangrenous cholecystitis (6.9 mm; 95% CI, 4.0-9.3 mm) than in patients with acute-chronic cholecystitis (median, 4.0 mm; 95% CI, 3.5-5.9 mm) (Wilcoxon rank sum test, p = 0.04). The probabilities of gangrenous cholecystitis with various gallbladder wall thicknesses are presented in Figure 3 . Although there was considerable overlap in wall thicknesses, gangrenous cholecystitis was never present when the wall measured less than 4 mm.
The short-axis diameter of the gallbladder was normally distributed for both categories of acute-chronic and necrotizing-gangrenous cholecystitis (Shapiro-Wilk W test, p > 0.05), and the variances were equal (O'Brien, BrownForsythe, Levene, and Bartlett tests, p > 0.05). Although the mean short-axis diameter of the gallbladder lumen was greater in patients with gangrenous cholecystitis (mean, 3.7 cm; 95% CI, 3.1-4.2 cm) than in patients with acutechronic cholecystitis (mean, 3.4 cm; 95% CI, 3.2-3.6 cm), this difference was not statistically significant (Student t test, p = 0.24). 
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WBC counts were nonnormally distributed for both categories of acute-chronic and necrotizing-gangrenous cholecystitis (Shapiro-Wilk W test, p < 0.05), but the variances were equal (O'Brien, Brown-Forsythe, Levene, and Bartlett tests, p > 0.05). The median WBC count was greater in patients with gangrenous cholecystitis (13.4 × 10 9 /L; 95% CI, 10.1-16.5 × 10 9 /L) than in patients with acute-chronic cholecystitis (median, 9.4 × 10 9 /L; 95% CI, 7.8-10.7 × 10 9 /L) (Wilcoxon rank sum test, p = 0.01). The probabilities of gangrenous cholecystitis with various WBC counts are presented in Figure 3 . If the WBC count were 14,900/μL, the probability of an acute-chronic diagnosis would be 77% and the probability of a necrotizing-gangrenous diagnosis would be 23%. With a WBC count of 17,000/μL, the probability of a necrotizing-gangrenous diagnosis would be 30%.
Gallbladder wall irregularities were reported in three cases. In two cases, intramural perforation and ulceration were described. There were correlative findings at pathology for both of these cases, which were categorized as acute cholecystitis. The third case of wall irregularity was in a patient with acute-on-chronic cholecystitis, but there was no pathologic correlate for the finding. Intraluminal membranes were reported to be present in two patients: One had acute-on-chronic cholecystitis and the other, chronic cholecystitis. Although there was no pathologic correlate for either case, one patient had an obstructed cystic duct from a bile duct stent, and the intraluminal membranes were thought to represent inspissated mucus. For the other case, an inflammatory exudate was described in the pathology report.
Discussion
Approximately 120,000 cholecystectomies for acute cholecystitis are annually performed in the United States [10] . Although most cases are uncomplicated, gangrenous changes may occur in 2-30% of patients [4] . Because gangrenous cholecystitis is associated with an increased morbidity and an increased mortality compared with uncomplicated acute cholecystitis, early diagnosis and emergent intervention are critical. However, it is often difficult to diagnose gangrenous cholecystitis preoperatively. Several studies have reported clinical risk factors associated with gangrenous cholecystitis. The risk is reported to be particularly increased in men with diabetes [1, 2, 4] . Other reported risk factors include advanced age, African American ethnicity, cardiovascular disease, and an immunocompromised state [2, 4, 11] . The only laboratory value that has consistently been reported to be associated with the diagnosis of gangrenous cholecystitis is an elevated WBC count of 14,900/μL or greater [1, 2, 4] . Several radiologic studies have described sonographic findings associated with gangrenous cholecystitis including gallbladder wall striations, intraluminal membranes, gallbladder wall irregularities, gallbladder wall thickening, complex pericholecystic fluid collections, and the absence of a sonographic Murphy sign [1, [5] [6] [7] [8] [9] . The purpose of our study was, first, to determine if gallbladder wall striations in patients with sonographic findings suspicious for acute cholecystitis are associated with gangrenous changes and certain histologic features; and, second, to determine if other sonographic or clinical findings (WBC count) are associated with gangrenous cholecystitis.
We found that gallbladder wall striations were not associated with the diagnosis of gangrenous cholecystitis. Furthermore, no specific histologic feature was associated with the presence of wall striations. Wall striations are likely caused by a combination of pathologic changes such as edema, inflammation, hemorrhage, and fibrosis and can be found in patients with nongangrenous cholecystitis and in those with gangrenous cholecystitis. These findings do not agree with those of a smaller study in which investigators suggested that the presence of gallbladder wall striations should raise the question of gangrenous changes in patients with acute cholecystitis [7] . In that study of 25 patients with gangrenous cholecystitis, 10 had wall striations; however, there was no control group of patients with nongangrenous cholecystitis.
Wall striations occur in a variety of disease states unrelated to the gallbladder including right heart failure, chronic liver disease, cirrhosis, acute hepatitis, acute pancreatitis, acute renal failure, hypoalbuminemia, and blockage 
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of the venous or lymphatic drainage of the gallbladder [7] . Wall striations-if caused by cholecystitis or by one of the previously mentioned disease states-are often evident along the hepatic surface of the gallbladder and are likely related to the unique histology of this region. The normal gallbladder wall is composed of three histologic layers: a mucosa composed of columnar epithelium, a fibromuscular layer composed of smooth muscle and elastic tissue, and a subserosa and serosa composed of loose areolar connective tissue; of note, the gallbladder lacks a muscularis mucosae and submucosa [12, 13] . Where the gallbladder abuts the hepatic surface, there is no serosa (only subserosal loose areolar connective tissue), and it is likely that fluid or the products of inflammation can easily extend into these tissues [12] , thereby producing striations.
Although the median gallbladder wall thickness was significantly greater in our patients with gangrenous cholecystitis than in those with nongangrenous cholecystitis, there was considerable overlap in values for the two groups (Fig.   3 ). Only one study (n = 203) has reported a statistically significant difference for wall thickening between the categories of nongangrenous and gangrenous cholecystitis; in that study, the probabilities of gangrenous cholecystitis with increasing wall thicknesses were not given [1] . The authors reported mean wall thickness for patients with gangrenous cholecystitis (n = 21) as 6.17 ± 0.65 mm (standard error) and for those with nongangrenous cholecystitis (n = 182), 4.64 ± 0.16 mm. Although these mean values are similar to the median values that we report, their data had much less variance than did ours. Another study reported no association between wall thickening and gangrenous cholecystitis; however, numeric values for wall thickening were not reported [2] . Additional studies are needed to indicate better how the probability of gangrenous cholecystitis varies with wall thickness.
In 1989, it was first reported that the absence of a sonographic Murphy sign suggested the diagnosis of gangrenous cholecystitis [6] . In that series of 18 patients with gangrenous cholecystitis, a sonographic Murphy sign was absent in 64%; however, there was no control group of patients with nongangrenous cholecystitis. We found that the sonographic Murphy sign was not useful in differentiating gangrenous from nongangrenous cholecystitis. A sonographic Murphy sign was absent in 18% of our patients with nongangrenous cholecystitis, likely because of narcotic administration, large body habitus, and difficulty interpreting the sign in uncooperative or obtunded patients, and was present in 70% with gangrenous cholecystitis. It is possible that some of these latter patients had early or patchy gangrenous changes and preservation of the afferent nerves that supply the gallbladder. Pain emanating from the gallbladder occurs from inflammation and distention that stimulates the afferent nerves via the autonomic nervous system [6] . Compression of the gallbladder with the transducer thus elicits a sonographic Murphy sign. With transmural necrosis, the afferent nerves die and the inflammation spreads to the adjacent parietal peritoneum. This spread 3 -Box plots and cumulative probability plots for association between pathology diagnosis (acutechronic cholecystitis or necrotizing-gangrenous cholecystitis) and wall thickness and WBC count. For box plots to better illustrate distribution of data points, they are spread horizontally to minimize overlap. Ends of boxes are 25th and 75th quantiles (quartiles). Lines across middles of boxes are medians. Interquartile range is difference between quartiles. Lines (whiskers) extend from boxes to outermost points that fall within distance computed as 1.5 (interquartile range). For probability plot, line of fit partitions whole probability into response categories. More specifically, probability of wall thickness having acute-chronic cholecystitis diagnosis can be read directly from vertical axis, and probability of wall thickness having necrotizinggangrenous cholecystitis diagnosis is distance from line to top of graph, which is 1 minus axis reading. For instance, for wall thickness of 6 mm, there is probability of 84% that diagnosis is acutechronic cholecystitis and probability of 16%-that is, 1.0 minus 84% equals 16%-that diagnosis is necrotizing-gangrenous cholecystitis. If wall thickness were 12 mm, probability of acute-chronic cholecystitis diagnosis would be about 56% and probability of necrotizing-gangrenous cholecystitis diagnosis would be 44%. A, Box plots of wall thickness. B, Box plots of WBC counts. C, Probability plot of pathology diagnosis based on wall thickness in millimeters. D, Probability plot of pathology diagnosis based on WBC count.
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of inflammation stimulates intercostal branches of the spinal nerves to produce a more generalized right upper quadrant pain [6] rather than focal pain over the gallbladder.
We found that the absence or presence of pericholecystic fluid was not predictive of gangrenous cholecystitis. However, all of our pericholecystic fluid collections were simple, anechoic, and crescentic in shape, an appearance not uncommonly seen in acute cholecystitis. None of our patients had complex pericholecystic fluid collections, which are frequently associated with gangrenous changes and wall perforations [7] . Only one study has reported that pericholecystic fluid collections are associated with gangrenous cholecystitis; however, the authors did not describe the morphology of their fluid collections-that is, if they were complex or were crescentic and simple [1] . We also found that the short-axis diameter of the gallbladder was not useful in differentiating gangrenous from nongangrenous cholecystitis. This finding is somewhat unexpected; gallbladder distention should be constrained to some degree in patients with chronic or acute-on-chronic cholecystitis because of fibrosis, whereas this should not be the case in patients with acute or gangrenous cholecystitis. However, 43% of gallbladder specimens classified at gross examination as acute or gangrenous cholecystitis had histologic evidence of fibrosis that likely limited gallbladder distention to some degree.
Gallbladder wall irregularities have been reported to be associated with gangrenous cholecystitis. In a study of 19 patients with gangrenous cholecystitis, wall irregularities were reported in nine patients and were associated with pathologic findings of wall ulceration, intramural hemorrhage, necrosis, and microabscess formation [5] . In our study, two patients had wall irregularities and also had pathologic findings of wall ulceration and intramural perforation. Although both of our cases were categorized pathologically as acute cholecystitis rather than gangrenous cholecystitis (transmural necrosis was not present at gross examination), the finding of wall irregularities, nevertheless, indicates an advanced form of cholecystitis and requires immediate intervention because of the increased risk of perforation and abscess formation.
Intraluminal membranes have also been reported to be associated with gangrenous cholecystitis and were found to correlate with pathologic findings of strands of fibrinous exudate or sloughed necrotic mucosa [5] . Intraluminal membranes were described in the sonographic reports of only two of our patients, both of whom had nongangrenous cholecystitis. In one of these cases, a bile duct stent obstructed the cystic duct and the intraluminal membranes were reported to more likely represent inspissated mucus strands rather than sloughed mucosa. In the second case, the intraluminal membranes were likely the result of an inflammatory exudate. Although these causes should be considered when intraluminal membranes are visualized in a patient with other signs of acute cholecystitis, their presence, although rare, should nevertheless raise suspicion for gangrenous cholecystitis.
Several studies have reported an association between elevated WBC counts and gangrenous cholecystitis [1] [2] [3] [4] . In three of the reports, WBC counts of greater than 14,900/μL were associated with gangrenous cholecystitis [1, 3, 4] , and in another report, patients with a WBC count of greater than 17,000/μL were at increased risk [2] . We also found that an elevated WBC count was associated with gangrenous cholecystitis, but (as with wall thickness) there was considerable overlap in values for patients who had and those who did not have gangrenous cholecystitis. Investigators have proposed that the markedly elevated WBC count is caused by the intense inflammatory reaction to the necrotic changes in the gallbladder wall rather than bacterial invasion [1, 4] . This theory is supported by our findings that show an association between the histologic findings of neutrophil infiltration and transmural inflammation and the diagnosis of gangrenous cholecystitis.
Our study has some limitations. First, the allowed time interval between sonography and surgery was up to 48 hours; it is possible that the inflammatory process in the gallbladder wall may have progressed or decreased if the patient received antibiotics during that 48-hour period, which may have resulted in lower associations between the histologic changes and the reported sonographic findings. In addition, the prevalence of gangrenous cholecystitis was small in our series; transmural necrosis was seen in only 15% of the cases. However, this value falls within the reported range of 2-30% of cases of acute cholecystitis [4] . We also could not evaluate the significance of complex fluid collections, which are reported to be associated with gangrenous changes and perforation, because none of the patients in our study group had this finding. We had too few cases of gallbladder wall irregularity and of intraluminal membranes to perform any meaningful statistical analysis; these findings, although rare, have also been associated with gangrenous cholecystitis. Finally, we did not evaluate color Doppler flow in the gallbladder wall because some prior studies have reported that it is of limited value for diagnosing cholecystitis [14] . However, other studies have reported color or power Doppler imaging increased the accuracy for diagnosing acute cholecystitis [15] . It would have been useful to determine whether this finding was of value in diagnosing gangrenous cholecystitis in our patients.
In conclusion, our data show that gallbladder wall striations are not predictive of gangrenous changes. Striations are not caused by any one histopathologic finding but, rather, are caused by some combination of changes such as edema, inflammation, hemorrhage, and fibrosis. Our data also indicate that a negative sonographic Murphy sign is not predictive of gangrenous cholecystitis. The only sonographic finding that was associated with gangrenous cholecystitis is gallbladder wall thickness; however, there was considerable overlap between the two groups. We had too few cases or no cases of some reported findings (such as intraluminal membranes, wall irregularities, and complex fluid collections) that are associated with gangrenous cholecystitis to perform a meaningful statistical analysis. Although our data do support the use of an elevated WBC count as a risk factor for gangrenous cholecystitis, as with wall thickness, there was considerable overlap between the two groups. Thus, gangrenous cholecystitis will continue to remain a difficult preoperative diagnosis for the radiologist and surgeon.
